Background: Renal ischemia-reperfusion injury (IRI) is one of the most important causes of kidney injury, which is possibly gender-related. This study was designed to investigate the role of γ-aminobutyric acid (GABA) against IRI in ovariectomized estradiol-treated rats. Methods: Thirty-five ovariectomized Wistar rats were used in six experimental groups. The first three groups did not subject to estradiol treatment and assigned as sham-operated, control, and GABA-treated groups. GABA (50 µmol/kg) and saline were injected in the treated and control groups 30 min before the surgery, respectively. The second three groups received the same treatments but received estradiol valerate (500 µg/kg, intramuscularly) 3 days prior to the surgery. The IRI was induced in the control and treated groups by clamping the renal artery for 45 min and then 24 h of reperfusion. All animals were sacrificed for the measurements. Results: The serum levels of creatinine and blood urea nitrogen, kidney weight, and kidney tissue damage score significantly increased in the IRI rats (P < 0.05). GABA significantly decreased the aforementioned parameters (P < 0.05). The uterus weight increased significantly in rats that received estradiol (P < 0.05). Serum and kidney levels of nitrite (nitric oxide metabolite) did not alter significantly. Serum level of malondialdehyde increased significantly in the ovariectomized rats exposed to IRI (P < 0.05). Conclusions: It seems that GABA improved IRI in ovariectomized rats. Estradiol was also nephroprotective against IRI. However, co-administration of estradiol and GABA could not protect the kidney against IRI.
INTRODUCTION
Acute kidney injury (AKI) caused by ischemia may lead to the development of chronic kidney disease (CKD). [1] CKD may increase the risk of cardiovascular and cerebral disturbances. [2, 3] Kidney ischemia is a common problem in the perioperative period, which increases the rate of
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Open Access morbidity and mortality. [4, 5] The condition can also be a consequence of arterial occlusion, shock, and organ transplantation. AKI is accompanied with a complex and interconnected series of events, leading to death of renal cells. [6] Reperfusion is necessary for the survival of ischemic tissue, but causes extracellular injury. [7, 8] In addition, ischemia-reperfusion (I/R) disturbs central organ systems such as heart, brain, and gut. [9] It is reported that intravenous treatment with γ-aminobutyric acid (GABA), as a main inhibitory neurotransmitter in the mammalian brain, has inhibitory effect on I/R-induced renal failure in rats. [10] [11] [12] [13] [14] Renal sympathetic nerve activity is enhanced during ischemic period, [15, 16] and GABA inhibits renal sympathetic nerve activity during ischemia and norepinephrine overflow from renal sympathetic nerve. [16] That is why renal sympathetic hyperactivity is effective in the treatment of kidney ischemia. [15] Ovariectomy causes greater uterine sympathetic nerve density, and this can be decreased by estradiol administration. [17] Estradiol decreases kidney damage in animal models. [18] It is well-documented that women are more at risk of renal diseases after menopause [19] while male sex hormone, testosterone, is also involved in progression of renal diseases. [20] The role of GABA against I/R complication in the presence of estradiol is not documented. Therefore, the present study was designed to determine the effect of GABA in ovariectomized rats treated with estradiol and were subjected to I/R.
METHODS
Thirty-five adult female Wistar rats (Animal Centre, Isfahan University of Medical Science) weighing 169.58 ± 2.93 g were used in the study. The rats were housed at the temperature of 23-25°C with a 12-h light/12-h dark cycle and had free access to water and rat chow. The Ethics Committee of Isfahan University of Medical Sciences approved the experimental procedures in advance.
Drugs
GABA (code A2129-10G) and estradiol valerate were provided from Sigma (St. Louis, MO, USA) and Aburaihan Co., (Tehran, Iran), respectively.
Animals
The animals were anesthetized with ketamine (75 mg/kg, i.p). A 2 cm incision was made in the subabdominal area, and the ovaries were removed.
After 1-week of recovery, the animals were randomly assigned to six experimental groups as follows:
• Group 1 (n = 5, named OV), received sesame oil and saline (0.5 ml) as negative control group
• Group 2 (n = 6, named OVI), treated as Group 1 but 4 days later they were subjected to the I/R surgery • Group 3 (n = 6, named OVIG), treated as Group 2 but received GABA (50 µmol/kg; intravenously) 15 min before I/R surgery • Group 4 (n = 7, named OVE), received estradiol valerate (500 µg/kg, solved in sesame oil; intramuscularly) and saline (0.5 ml) • Group 5 (n = 6, named OVEI), treated as Group 4 but 4 days later they were subjected to the I/R surgery • Group 6 (n = 6, named OVEIG), received treatment similar to Group 5, and also received GABA (50 µmol/kg; intravenously) 15 min before the I/R surgery.
Ischemia-reperfusion injury
The I/R was induced by bilateral I/R in rat kidneys.
To accomplish I/R, the rats were anesthetized by chlorohydrate (450 mg/kg) and were placed on the surgical platform in the dorsal position. The cuts were made on both sides of the dorsal wall of the abdominal cavity. The kidneys were exposed and subjected to ischemia by occluding renal pedicles on both sides for 45 min. Then, the clamp was removed to ensure the establishment of blood flow, and the surgical site was sutured, and the kidneys were allowed to have normal perfusion for 24 h.
After 24 h, the animals were anesthetized again, blood sample was taken via heart puncture, and the animals were sacrificed. The samples were centrifuged, and the serum levels of blood urea nitrogen (BUN), creatinine (Cr), nitrite, and malondialdehyde (MDA) were measured. The kidneys were also removed. The right kidney was homogenized and centrifuged at 15,000 × g for 2 min, and the supernatant was used for MDA and nitrite measurements. The left kidney was fixed in formalin for histopathological investigations.
Measurements
Serum levels of Cr and BUN were measured using quantitative kits (Pars Azmoon, Iran). Serum and kidney levels of nitrite (stable metabolite of nitric oxide [NO]) were measured using an ELISA assay kit (Promega Corporation, USA). Assessment of kidney and serum MDA levels was performed according to the manual method. [21, 22] 
Histopathological procedures
The kidneys removed were fixed in 10% formalin solution and embedded in paraffin for histopathological staining. Hematoxylin and Eosin staining was applied to examine the tubular injury. The intensity of tissue damage was scored from 1 to 3 while score zero was assigned to the normal tissue without damage. The score was given by a pathologist who was blind to the study protocol.
Statistical analysis
The data are presented as mean ± standard error. The quantitative data in the groups were compared by the one-way analysis of variance, followed by the least significant difference. The Mann-Whitney or Kruskal-Wallis test was used to compare the groups with regard to the pathological damage scores. P < 0.05 was considered as statistically significant.
RESULTS

Effect of ischemia-reperfusion on serum levels of blood urea nitrogen and creatinine
The serum level of Cr and BUN increased significantly in the OVI group when compared with the other groups (P < 0.05). Also, serum level of BUN increased significantly in the OVIG group compared to the OVEIG, OVE, and OV groups (P < 0.05). The data also showed that the serum level of BUN in the OVEI group is statistically higher than that in the OVE group (P < 0.05) [ Figure 1 ].
Effect of ischemia-reperfusion on kidney tissue damage score
The results showed that the kidney tissue damage score (KTDS) increased significantly in the OVI, OVIG, OVEI, and OVEIG groups compared to the OV group (P < 0.05). As it was observed, estradiol or GABA or both could attenuate the tissue damage induced by the I/R injury. Also, the tissue damage in the OVI group was significantly more severe than that in other groups (P < 0.05). Also, KTDS in the OVIG and OVEIG groups was significantly higher than that obtained for the OVE group (P < 0.05) [ Figures 1 and 2] .
Effect of ischemia-reperfusion on body weight, kidney weight, and uterus weight changes
In general, body weight decreased in all the groups, and the groups are not significantly different in this regard. Kidney weight (KW) increased significantly in the OVI, OVEI, and OVEIG groups that underwent ischemia when compared with the OV group (P < 0.05). Also, KW in the OVEI group increased significantly in comparison with the OVE group (P < 0.05). The results showed that uterus weight (UW) in all estradiol-treated groups (OVE, OVEI, and OVEIG groups) increased significantly compared to the groups that did not received estradiol (OV, OVI, and OVIG groups) (P < 0.05) [ Figure 1 ].
Effect of ischemia-reperfusion on kidney and serum nitrite and malondialdehyde levels
The groups were not significantly different with regard to the changes occurred in the serum and kidney levels of nitrite after the I/R injury [ Table 1 ]. Serum level of MDA increased significantly in the OVIG group compared to the OV and OVI groups (P < 0.05). Kidney level of MDA decreased in groups that received estradiol (OVE, OVEI, and OVEIG). Kidney level of MDA also decreased significantly in the OVIG and OVEI groups when compared with the OV group (P < 0.05) [ Table 1 ].
DISCUSSION
In this study, we considered the effect of GABA in kidney ischemia in ovariectomized estradiol-treated rats. The major finding of the study is that the administration of GABA or estradiol alone possibly has better nephroprotective effect against the I/R side effects when compared with co-administration of GABA and estradiol.
Ischemia is one of the most important factors of AKI that leads to kidney cell injury and impairs the kidney function. [23] Free radicals produced by damaged cells [24] through lipid peroxidation of cell and organelle membranes [25] lead to kidney function impairment. It is reported that the primary damage of ischemia is increased by reperfusion in response to the production of free radical. [26] Therefore, the vascular and tubular damages induced by ischemia reduce glomerular filtration rate [27] and change the serum levels of Cr, BUN, nitrite, and MDA. [20] [21] [22] 28, 29] In our study, the serum level of Cr increased in the ischemia group, and the level decreased by GABA or estradiol or both. As Kim et al. have mentioned, GABA reduces Cr clearance and prevents progression of renal failure. [11] This is while estrogen could decrease Cr clearance to prevent progression of renal failure. [30] Our results showed that serum level of BUN increased in the groups that were exposed to ischemia; and estrogen, GABA, or both could decrease the serum level of BUN, similar to what Kim et al. reported. [11] Our results also indicate that KW increased in all the ischemia groups that may be related to retention of water and nutrients in the kidney. This leads to increased kidney weight. [31] UW increased in all the groups that received estradiol, as the hormone secreted by the ovaries affects the uterus lining and enhances the uterus growth. [32] The results obtained regarding MDA in the current study is in agreement with the findings of Papaconstantinou et al. [33] MDA is the final product of lipid peroxidation of cell membrane while decreasing the oxidative stress condition. [34] Kidney level of MDA is increased by I/R. [34, 35] Deng et al. observed that the reaction between GABA and fatty acids and consumption of GABA can trap the reactive intermediates during lipid peroxidation and reduce the MDA level. [36] Also, Shen et al. reported that the degree of lipid peroxidation (determined by MDA formation within the kidney) is reduced by estrogen. [37] The nitrite level is important to distinguish the function of NO; [38] 17β-estradiol increases the NO production. [39] In our study, we did not find any significant differences in the nitrite level among the groups. However, the serum and kidney levels of nitrite in the OVIG, OVE, OVEI, and OVEIG groups were higher than those in other groups possibly due to the effect of estradiol, GABA, or both. 
